Introduction {#Sec1}
============

In the production of polysilicon, the improved Siemens process using SiHCl~3~ as the raw material and preparing high-purity silicon via H~2~ reduction, has been widely applied due to its high reliability and strong applicability for large-scale production. Polysilicon produced via this process accounts for more than 75% of the total production capacity of polysilicon around the world, and 95% of that in China^[@CR1],[@CR2]^. The hydrogen reduction process of SiHCl~3~ is the key step of high-purity silicon preparation and a complex reaction process with both reduction and decomposition. There are some unreacted ingredients and products in the exhaust of this step. Since silicon particles are relatively hard, when they flow through the pipes of the exhaust system together with reducing exhaust, these particles will continuously scratch and erode the flow passage components. Thus, the safety of the exhaust system of polysilicon reduction furnace is seriously threatened, which becomes a potential safety hazard during polysilicon production.

The erosion caused by particles is one of the hot focuses in pipeline process industries. Many scholars such as Brown, Lee, Habit, Grant and Yao^[@CR3]--[@CR7]^ have conducted massive theoretical investigations and practical explorations on the erosion phenomenon and obtained favorable results. Finite element simulations are often used in conjunction with the Lagrangian and Eulerian method to study gas-solid two-phase flow and friction phenomena in pipes^[@CR8]--[@CR10]^. Gabriel^[@CR11]^ utilized the Computational Fluid Dynamics(CFD) method and studied the erosion behavior of 90°elbow pipes in the petroleum industry. Deng^[@CR12]^ studied the influence of solid particle concentration on the elbow erosion during pneumatic transmission, and the results showed that due to the shielding effect of particles, the erosion rate was reduced when the solid-phase concentration increased. Based on Euler continuity equation and erosion model, Joseph^[@CR13]^ studied the erosion behavior of transport pipeline with 0.5 mm in diameter via numerical simulation. The results showed that hard particles and pipe status were the major causes of local erosion. In Lin's research, the influence of erosion angle and elbow geometrical dimension on erosion was analyzed, and the gas-solid dual-phase flow simulation model was developed^[@CR14]^. The thermo-fluid-solid coupling equations were developed by Du *et al*., and the flow filed, stress, and strain of multi-phase medium which flowed through pipe elbow were also studied with the help of FLUENT and ANSYS software^[@CR15]^.

Based on the gas-solid two-phase flow theory and erosion theory, the flow phenomenon of gas-solid fluid in the exhaust outlet pipe of the reduction furnace in the polysilicon production was studied. By studying the collision and erosion process of silicon particles on the wall surface of the pipe, the local erosion of the exhaust pipe is predicted, so as to provide some support for the safe and reliable operation of the exhaust system in the reduction furnace.

Experimental {#Sec2}
============

The chemical composition and flow characteristics of the exhaust system are both very complicated. The gas-solid physical properties including composition, density, viscosity, particle dimension, morphology, and distribution in the exhaust system were determined. Sample analyses were carried out on deposited particles, which were collected from the outlet of the exhaust pipe of a running reduction furnace through a manual collection method using a cloth bag with many extremely tiny pores. X-ray diffraction (XRD) analysis of particles was conducted by using a D8 X-ray diffractor (Brooke). The results indicated that the deposited particles were almost all amorphous silicon, with a trace amount of crystalline silicon. According to the online composition analysis of on-site reduction furnace exhaust, the compositions and related proportions were SiHCl~3~ (11%), SiCl~4~ (7.5%), SiH~2~Cl~2~ (2%), H~2~ (78%) and HCl (1.5%), respectively. The density of silicon particles was measured to be 2330 kg/m^3^, based on the liquid phase displacement method. The exhaust density was calculated to be 2.668 kg/m^3^, via weighting the density of each component inside the pipe according to its molar ratio. The calculation method of natural gas mixture dynamic viscosity was utilized to calculate the pipe exhaust, and the exhaust viscosity was determined as 1.18 × 10^−5^ Pa·s. A BT-9300Z laser particle size analyzer was used to conduct grading analysis of silicon particles. The results implied that the minimum, maximum and average particle sizes of silicon particles were 2.87, 348.55 and 114.19 μm, respectively. All the parameters were shown in Table [1](#Tab1){ref-type="table"}. Especially, the microscopic morphology of silicon particles has affection on the local erosion of the wall surface. The microscopic morphology was usually characterized by the sphericity degree defined by Wadell^[@CR16],[@CR17]^.$$\documentclass[12pt]{minimal}
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                \begin{document}$$S$$\end{document}$ are obtained experimentally.Table 1Results of physical properties of gas and silicon particles in exhaust system^[@CR18]^.ParametersResultsMolar percent of exhaust componentsSiHCl~3~ (11%); SiCl~4~ (7.5%); H~2~ (78%); SiH~2~Cl~2~ (2%); HCl(1.5%)Density of particles(kg/m^3^)2325Density of exhaust(kg/m^3^)3.668Viscosity of exhaust(Pa.s)1.18 × 10^−5^Average sizes of particles(μm)*d*~min~ = 2.87; *d*~avg~ = 114.19; *d*~max~ = 348.55Specific surface area of particles (m^2^/kg)118.56Distribution of particles0--5 μm (10%); 5--200 μm (65%); \>200 μm (25%)Shape factor of particles0.7--0.9

The scanning electron microscopy (SEM) images of the silicon particles of the exhaust system are clearly shown in Fig. [1](#Fig1){ref-type="fig"}. The overall appearances of the collected particles are clearly showed in Fig. [1(a,b)](#Fig1){ref-type="fig"}. Figure [1(c)](#Fig1){ref-type="fig"} is the appearance of the particles after sieving according to a spherical shape, and the appearance of the other particles is shown in Fig. [1(d)](#Fig1){ref-type="fig"}. It was found that the small and midium-sized particles were mostly spherical (Fig. [1(c)](#Fig1){ref-type="fig"}), while large-size particles presented features of strip and polygon (Fig. [1(d)](#Fig1){ref-type="fig"}). The shape coefficient of silicon particles was estimated to be 0.7--0.9.Figure 1SEM morphologies for the silicon particles.

Gas-solid Flow And Erosion Behavior Of Exhaust System {#Sec3}
=====================================================

Flow analysis of reducing exhaust and silicon particles {#Sec4}
-------------------------------------------------------

Eulerian-Eulerian method and Eulerian-Lagrangian method are usually used for the simulation of gas-solid flow fields. The characteristic of the former is the two-fluid model, in which particle phases are also treated as continuous fluids. The control equations for continuous phases are used here for calculations. This method is suitable for two-phase flow problems with similar particle sizes and relatively large particle-phase volume fractions. It obtains continuous phase flow field features under the Euler coordinate system, while solving the particle phase motion under the Lagrange coordinate system. The two-way coupling effect between two phases is also considered^[@CR19],[@CR20]^. Thus, the statistical description of macroscopic motion of particles in the flow field is achieved. This method is often used in the treatment of dilute phase motion. Hence, it is necessary to determine the flow state of silicon particles in reducing exhaust and select a suitable method to describe the mixed flow of exhaust and silicon particles.

According to the value of particle-phase volume fraction $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi  < 10 \% $$\end{document}$ is treated as a dilute flow. According to the on-site statistics of deposited silicon particles in the exhaust system and the load of the exhaust flow, the percentage of solid silicon particles in the exhaust was estimated to be lower than 1%. Hence, the flow of reducing exhaust carrying silicon particles was dilute phase motion, and it was reasonable to use the Eulerian-Lagrangian method to describe this two-phase flow phenomena. Also, the two-way coupling calculation mode was selected, considering the constant exchange of momentum between silicon particles and exhaust during flow. The flow of continuous phase (exhaust) was described using the transport model under the Euler framework. Based on the Discrete Phase Model (DPM) model under the Lagrangian coordinate, the motion trail of discrete phase (silicon particles) was obtained. Moreover, the coupling solution of exhaust flow and silicon particle motion was realized by considering the two-phase momentum exchange.

Flow model of reducing exhaust {#Sec5}
------------------------------

During gas-solid two-phase flow in a pipe, the reducing exhaust is a continuous phase, and its Reynolds number is calculated to be greater than 4000, indicating that it is a normal turbulent flow. Due to the influence of exhaust viscosity and pipe wall non-slip condition, the turbulent exhaust flow inside pipe is divided into a turbulent core region and a near-wall flow region. A significant difference exists between the flow features of them. Hence, it is necessary to conduct analysis on the turbulent core region, near-wall flow region and silicon particle motion.

The exhaust turbulent flow core refers to the region which is far away from pipe wall, and its flow is fully developed. The Reynolds stress in the flow field is greater than the viscous stress. The time-averaged speed distributes uniformly. This region is the dominant zone for silicon particles to acquire kinetic energy, which directly decides the motion track of silicon particles and affects the wall surface impact features. The flow analysis of the exhaust turbulent flow core region is of crucial importance to the erosion behavior of exhaust system. The mean motion of turbulence is a major concern in engineering, while the influence of random fluctuations is ignored. The averaging method is used to study its macro flow characteristics. The continuity equation, motion equation, and energy equation are constructed as follows^[@CR21],[@CR22]^.$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\left\{\begin{array}{rcl}\frac{\partial {\bar{u}}_{i}}{\partial {X}_{i}} & = & 0\\ \frac{\partial {\bar{u}}_{i}}{\partial t}+{\bar{u}}_{j}\frac{\partial {\bar{u}}_{i}}{\partial {X}_{j}} & = & -\frac{1}{{\rho }_{g}}\frac{\partial \bar{p}}{\partial {X}_{j}}+\frac{1}{{\rho }_{g}}\frac{\partial }{\partial {X}_{j}}(\mu \frac{\partial {\bar{u}}_{i}}{\partial {X}_{j}}-{\rho }_{g}\overline{u{\text{'}}_{i}u{\text{'}}_{j}})\\ \frac{\partial }{\partial t}(\frac{{\bar{u}}_{i}{\bar{u}}_{i}}{2})+\frac{\partial }{\partial {X}_{j}}[{u}_{j}(\frac{\bar{p}}{{\rho }_{g}}+\frac{{\bar{u}}_{i}{\bar{u}}_{i}}{2})] & = & \begin{array}{c}-(-\overline{{u}_{i}^{\text{'}}{u}_{j}^{\text{'}}})\frac{\partial {\bar{u}}_{i}}{\partial {X}_{j}}+\frac{\partial }{\partial {X}_{j}}(-\overline{u{\text{'}}_{i}u{\text{'}}_{j}}.{\bar{u}}_{i})+\\ V\frac{\partial }{\partial {X}_{j}}[{\bar{u}}_{i}(\frac{\partial {\bar{u}}_{i}}{\partial {X}_{j}}+\frac{\partial {\bar{u}}_{j}}{\partial {X}_{i}})]-V(\frac{\partial {\bar{u}}_{i}}{\partial {X}_{j}}+\frac{\partial {\bar{u}}_{j}}{\partial {X}_{i}})\frac{\partial {\bar{u}}_{i}}{\partial {X}_{j}}\end{array}\end{array}\right.$$\end{document}$$

A turbulence model should be introduced to solve the closed problem of the basic equation group. The standard $\documentclass[12pt]{minimal}
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For the gas-solid flow in pipe, silicon particles need to pass through the near-wall exhaust flow barrier, before they impact the wall surface. Due to viscosity and vortex, it is unavoidable for silicon particles to exchange energy with the near-wall flow, resulting in the change of motion state. The wall function method is usually used in the analysis of near-wall flow. The flow condition is simplified and a near-wall flow field fitting the turbulence center flow based on the semi-empirical formula is established. There is no special requirement for the discretization of the near-wall space. Instead, the nodes in the initial end into the logarithm layer are needed to be set, and the conditions corresponding to the flow in the turbulence core region is needed to be established. This method is suitable for describing the near-wall viscous bottom layer flow of reducing furnace exhaust. Its speed distribution function, turbulence energy, and turbulence dissipation rate are described as follows.$$\documentclass[12pt]{minimal}
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Erosion model of silicon particle impacting wall surface {#Sec6}
--------------------------------------------------------

The material erosion failure is mainly controlled by environmental factors, abrasive performances, and target material properties. The variability and coupling effect of these factors result in different erosion mechanisms. The construction of erosion mathematical model contains three aspects: (1) constructing the control equation for energy exchange relationship caused by the collision between particles and material on the macro level; (2) constructing the failure model reflecting the internal microstructure damage on the micro level; (3) constructing the interaction between external macro collision and internal microstructure damage. Tabakoff, Fu and Zhang^[@CR24]--[@CR26]^ established the physical equation of erosion failure, by combining the macro cause of erosion with a micro-mechanism based on energy conservation and mechanical actions.

During the recycling of reducing exhaust, the pipe is made of stainless steel. Silicon particles have hardness like that of SiO~2~ particles. The erosion model proposed by Oka and Yoshida is more suitable for the erosion of flow passage components in the exhaust system^[@CR27]--[@CR29]^. This model focuses on the material failure behavior under particles' perpendicular impact and constructs a mathematical model containing influencing factors including impact speed, the diameter and shape of the particle, and target material hardness, as shown in Eq. [4](#Equ4){ref-type=""}. This model also considers the erosion test results of materials including aluminum, copper, carbon steel, and stainless steel. Based on these tests, related parameters are acquired, making this model relatively consummated.$$\documentclass[12pt]{minimal}
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                \begin{document}$$g(\alpha )$$\end{document}$ is the ratio of the amount of wear caused by the particles to the amount of vertical impact wear at any collision angle, which reflects the mechanism of repeated plastic deformation and shear failure caused by particle collision. $\documentclass[12pt]{minimal}
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                \begin{document}$${d}_{p^{\prime} }$$\end{document}$ are the impact velocity and particle diameter in the erosion experiment. $\documentclass[12pt]{minimal}
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                \begin{document}$${q}_{2}$$\end{document}$ are empirical constants that reflect the particle properties, with the values being 0.71, 2.4, 0.14, 0.94 and 4, respectively^[@CR27],[@CR28]^. The flow characteristics and particles properties of exhaust system in the reduction furnace are very similar to the erosion models of Oka and Yoshida. Therefore, the erosion model can be used to simulate the erosion behavior in the exhaust gas system of the reduction furnace and some of the main parameters have been given by Oka and Yoshida^[@CR27]--[@CR29]^.

Numerical simulation results and discussion {#Sec7}
-------------------------------------------

As shown in Fig. [2](#Fig2){ref-type="fig"}, the exhaust outlet pipe of the reducing furnace consists of eight standpipes with a diameter of 80 mm and a height of 200 mm, abase-plate loop pipe with a pipe diameter of 200 mm and a ring diameter of 3000 mm, and a main pipe with a diameter of 200 mm and a length of 400 mm. The gas and particles discharged from the furnace are collected to the exhaust loop pipe of the reducing furnace and finally flow into the main pipe. This section of pipe plays both the roles of exhaust collection and transport. Thus, it is the first to be affected by the continuous impact of silicon particles and becomes the weak point of safety in the exhaust system. Hence, the study of the erosion behavior of exhaust system in polysilicon reducing furnace focuses on this structure. According to the data from industrial application, the simulation conditions are determined as follows: the exhaust velocity of 5, 7, 9, 11 and 13 m/s, the silicon particle diameter of 50, 80, 115, 150, and 200 μm, and the silicon particle concentration in exhaust of 12, 17, 22, 27, and 32 g/Nm^3^. The system has an average working condition of the exhaust velocity of 9 m/s, the particle diameter of 115 μm, and the silicon particle concentration of 22 g/Nm^3^, which is the real data from the current working condition of industrial field. Especially, the gas and silicon particles in the exhaust system have the same flow velocity, regardless extremely small speed differences. The ANSYS and FLUENT programs are selected for simulation and the SIMPLE algorithm is used. In order to improve the discretization efficiency, the nonstructural mesh algorithm with high adaptability is used to divide the mesh by "Tet/Hybrid" technology. The fluid flow regions are mainly composed of tetrahedral elements, and some of the combined regions are hexahedral and cone elements. The grid skew rate was controlled within 0.8, and the grids with skew rates lower than 0.4 accounted for 91% of the total number of grids. Finally, 1.13 × 10^6^ discrete elements were obtained.Figure 2Structure of exhaust outlet pipe.

According to Oka and Yoshida's theory and model, "mm^3^ • kg^−1^" is used as the unit of volume erosion rate of per unit mass caused by particle collision, and "kg • s^−1^" is used as the unit of mass flow of particles^[@CR27]--[@CR29]^. However, because of a more direct understanding, "mm • s^−1^" is commonly used as the velocity erosion rate in engineering applications and finite element simulation projects, which is the ratio of the mass erosion rate generated by the particles of per mass flow to the area of the erosion region. "mm • s^−1^" describes the erosion rate in the normal direction of the contact surface when particles collide with the wall surface, which is used as the unit of erosion rate in this simulation research.

Flow and erosion features of exhaust outlet pipe under the average working condition {#Sec8}
------------------------------------------------------------------------------------

Under the average working condition of *μ*~0~ = 9 m/s, *d*~*p*~ = 115 μm and *C*~*p*~ = 22 g/Nm^3^, the local erosion distribution of the exhaust outlet pipe is shown in Fig. [3](#Fig3){ref-type="fig"}. Each erosion region is labeled for further discussion. 14 key erosion regions are labeled in the whole exhaust outlet pipe, with Nos. 1--10 regions for the base-plate loop pipe and 11--14 regions for the main pipe. Since the flow region presents complete spatial symmetry, the Nos. 1, 3, 5, 7, and 9 regions of the base-plate loop pipe, are corresponding regions of Nos. 2, 4, 6, 8, and 10 regions. Similarly, Nos. 11 and 13 regions of the main pipe are also corresponding regions of the Nos. 12 and 14.Figure 3Distribution map of local erosion of exhaust outlet pipe.

A Z-direction center section is constructed in the flow region. The speed distribution nephogram under the average working condition is shown in Fig. [4](#Fig4){ref-type="fig"}. According to the figure, the loop pipe flow presents following features: Firstly, the closer to the flow outlet, the greater the flow speed is. Since the gas flow increases with the collecting flow of stand pipes, while the flow region is unchanged, the flow speed increases obviously. Second, the stand pipe flow shifts more seriously in regions closer to the outlet. Since the upstream flow speed in the loop pipe is small, its influence on the downstream shift of stand pipe flow is limited. Meanwhile, the flow speed of loop pipe downstream increases, the shift degree of afflux gas enhances. Since the gas flow in loop pipe is constrained by the flow passage, under the influence of centrifugal effect, the gas flow speed on the outside is greater than that inside. Due to the combined influence of loop flow and collecting flow initial motion, vortex flow locally occurs in the inlet downstream. With the increase of loop flow, the influence of vortex flow becomes stronger. Thus, the closer to the outlet, the more disorder the flow field is. In the main pipe section, the exhaust transits from circular constraint flow to flatflow space and the flow state changes sharply, leading to vortex flow in local regions of the inlet end. Afterward, the flow field expands along the outlet end of the main pipe. Under the influence of no-slip wall, the speed in the center of the flow field is high and decreases to two sides.Figure 4Distribution of velocity of exhaust outlet pipe.

By tracking silicon particles in the outlet pipe, the particle kinematic trajectory can be obtained. As shown in Fig. [5](#Fig5){ref-type="fig"}, the branch collecting flow particles directly impact the inlet wall. Due to the influence of circulation flow, the motion of collecting flow particles shifts. The closer to the outlet of loop pipe, the stronger the circulation flow, and the more seriously the particle motion trajectory shifts. After collision with the wall, collecting flow particles bounce and show upward helical motion under the influence of circulation flow, which is shown from region *a* to region *b* and from region *c* to region *d* in Fig. [5](#Fig5){ref-type="fig"}. At the outlet of loop pipe, the helical motion develops towards the outer surface and upward, due to the influence of outlet gas entrainment. The particle concentration in the outer region of the upside increases. During the loop pipe flow pass developing into the main pipe space, gas carrying particles enters the main pipe with a certain angle. As shown in the region *e* of Fig. [5](#Fig5){ref-type="fig"}, the particle motion presents an obvious development tendency of diffusion.Figure 5Trajectory of silicon particles in exhaust outlet pipe.

The statistics results of angle and velocity distribution during the collision between silicon particles and wall are demostrated in Figs. [6](#Fig6){ref-type="fig"} and [7](#Fig7){ref-type="fig"}. The particle collision angles in Nos. 1--8 regions of loop pipe are greater than those in Nos. 9--10 regions of loop pipe and Nos. 11--14 regions of main pipe. Since the former locates in the front of the stand pipe, the collecting flow particles present a tendency of frontal collision to the local wall. The collision angle (α) is large, between 90° and 120°. Meanwhile, local collision in the latter is caused by particles moving with gas flow. It presents a near-wall slide motion, with low impact angles between 0 and 5°. Under the influence of circulation flow, collecting flow particles shift from the front of the inlet. With the circulation flow becomes stronger, the shift increases, and the frontal collision tendency decreases. Thus, the collision angles of particles in Nos. 1--8 regions decrease with the distance to the outlet end decreasing. Since the closer to the outlet, the more gas flows into the pipe. When the gas flow speed increases in fixed passageway, the particle velocity also increases. This leads to the collision velocity of Nos. 11--14 regions of the main pipe to be higher than that in Nos. 1--10 regions of the loop pipe. Hence, the erosion of Nos. 1--8 regions is caused by the high-angle direct collision, while the erosion in Nos. 9--14 regions is caused by the low-angle and high-speed erosion.Figure 6Velocity of the particles collide with outlet pipe.Figure 7Angle of the particles collide with outlet pipe.

The nephograms of particle collision angle, collision velocity, and erosion distribution in the local region of the outlet pipe are shown in Figs. [6](#Fig6){ref-type="fig"}--[8](#Fig8){ref-type="fig"}, respectively. Serious erosion regions in the base-plate loop pipe contain two parts. The first is the region directly opposite the entrance of the Nos. 1--8 stand pipes. This region presents small-angle rotational shift along loop pipe center line and helical development along the outer edge of curved surface, when the distance between loop pipe and outlet decreases. The second is the upper outer edge regions (region *a* and region *b* in Fig. [8](#Fig8){ref-type="fig"}) around the loop pipe outlet. The serious erosion region of the main pipe section develops from the upper and lower surfaces to the outlet.Figure 8Nephogram of local erosion of exhaust outlet pipe.

The causes of local erosion features in the outlet pipe are summarized as follows. (1) Nos. 1--8 regions are high-frequency collision zones, which are preferentially collided by silicon particles flowing into the loop pipe, resulting in serious erosion. (2) Under the influence of in-pipe gas flow, particles vertically flowing into the loop pipe shift with the flow. The closer to the outlet, the greater the gas flow speed, and the greater is the particle motion shift. Hence, with the decrease of distance to the outlet, the angles between Nos. 1--10 regions and the stand pipe front region increase. (3) After colliding in Nos. 1--8 regions, particles bounce back. Due to the influence of circulation flow, the particle trajectory after rebound presents a helical motion. The particles further collide the wall surface. Hence, the Nos. 1--8 erosion regions present a helical development tendency. (4) At the outlet, particles are entrained by outlet gas flow and the helical trajectory experiences a shift towards the upper outer side of the outlet. Thus, the Nos. 9 and 10 erosion regions around the center line are generated. (5) Due to the influence of circulation flow, particles enter the main pipe with certain tangential angles and move with the gas flow. The flow field features of particle response to main pipe widen towards the outlet. The impacting regions gradually experience related changes.

Influences of working condition parameters on the outlet pipe erosion {#Sec9}
---------------------------------------------------------------------

Under the condition that the silicon particle size and inlet concentration are kept constant, by changing the exhaust flow velocity, the influence of exhaust velocity on the outlet pipe erosion was investigated and the results are shown in Fig. [9](#Fig9){ref-type="fig"}. With the increase of exhaust velocity, the erosion rate of each load region demonstrates an increase. However, under single-factor conditions, by increasing the exhaust velocity, the turbulent of flow field also increases. Silicon particles obtain more energy via interaction with the fluid. From a macroscopic view, the particle speed and kinetic energy increase and hence, the potential erosion capacity is increased. Therefore, more kinetic energy affects the collision region during collision, and aggravates the erosion degree of material. In addition, with increasing exhaust velocity, the quantity of silicon particles carried by exhaust is also increased, and more silicon particles take part in the local collision with flow passage pipe. Thus, the erosion condition is further worsened. However, during the increase of exhaust velocity, the distribution and development regularity of seriously eroded regions change little.Figure 9Nephogram of local erosion of outlet pipe with different exhaust velocity under the condition of *dp* = 115 μm, *C*~*p*~ = 22 g/Nm^3^.

Under the condition that the exhaust velocity and inlet concentration are kept constant, by changing the silicon particle diameter, the influence of particle size on the outlet pipe erosion is investigated and the results are shown in Fig. [10](#Fig10){ref-type="fig"}. It implies that particles with different diameter show different erosion characteristics in different regions. Firstly, the erosion rate in all regions shows different increasing trends with increasing particle size. The erosion rate increases with the increase of silicon particle diameter because larger diameter particles have higher mass and kinetic energy, which results in greater collision and erosion. The increase in Nos. 1--10 regions is slight, and the increase in the of Nos. 11--14 regions is significant. Secondly, under the condition of constant particle concentration, the smaller particle diameter means the larger number of particles, and an increase in particle diameter means a reduction in the number of particles in the airflow and a lower collision frequency. So the erosion area is reduced because of the increasing particle diameters, which is clearly shown in Nos. 1--2 regions with different particle diameters (Fig. [10](#Fig10){ref-type="fig"}). Consequently, duo to the combined effect of increasing particle diameter and decreasing particle number, the collision between the silicon particles and the tube results in an increase in erosion rate, but a decrease in erosion regions.Figure 10Nephogram of local erosion of exhaust outlet pipe with different silicon particles diameter under the condition of *μ*~0~ = 9 m/s, *C*~*p*~ = 22 g/Nm^3^. (**a**--**d**) Are the nephograms at *dp* = 50 μm, 80 μm, 150 μm, 200 μm, respectively. (**e**) Is the relationship between the maximum erosion rate and the particle size in different regions. (**f--i**) Are the regions in main pipe at different particle diameters.

However, a special case is that the strongest erosion and the largest erosion area of the of Nos. 7--8 regions occurs at *dp* = 80 μm. According to the nephogram of local erosion in Fig. [10(a--d)](#Fig10){ref-type="fig"} and the maximum of erosion rate for Nos. 7--8 regions in Fig. [10(e)](#Fig10){ref-type="fig"}, some difference from other regions is shown that when the particle diameter reaches 80 μm, even if the particle size continues to increase to 200 μm, the maximum erosion rate remains almost unchanged, but the number of particles is significantly reduced. The possible reason is that when *dp* = 80 μm, the airflow is the most turbulent, and the particles have the worst following with the airflow. So, the increased dispersion of particles increases the contact area with the wall in the pipe, resulting in the largest erosion area. On the other hand, with the increase of the particle diameter and mass, the chaos in airflow causes stronger internal particle collisions and more kinetic energy loss, most of the increased kinetic energy due to mass increase is consumed by internal collisions between particles, resulting in no significant increase in the erosion rate.

Besides, it is also found that with the increase of particle size, the inertia and gravitational force of particles are also increased. Due to the change of particle motion features, local collision regions shift, leading to the variation of serious erosion regions. Since small particles have small inertia and strong ability to migrate with flow, during the circular passageway develops into straight passageway, the particle motion cuts into the main pipe space with small angles approximately along the flow line. Thus, the collision regions are distributed with small angles from the center line, which is demonstrated in regions *f* and *h* in Fig. [10(a,b)](#Fig10){ref-type="fig"}. In comparison, as shown in regions *g* and *i* in Fig. [10(c,d)](#Fig10){ref-type="fig"}, the inertia of large-size silicon particles is great and has a strong ability to maintain its circumferential flow tendency during transition flow. In the end, large-size particles enter the main pipe with large angles along the tangential direction. Thus, the collision regions develop with large angles from the center line.

Under the condition that the silicon particle diameter and exhaust velocity are kept constant, by changing the silicon particle concentration (*C*~*p*~ = 12, 17, 22, 27, 32 g/Nm^3^), the influence of particle concentration on the outlet pipe erosion is investigated. The results from Fig. [11](#Fig11){ref-type="fig"} indicate that, with the increase of silicon particle concentration, the erosion rate of all local regions increases slightly. With the increase of silicon particle concentration, the number of local particles flowing through the pipe in unit time rises. Particles involving local collision increase and the collision frequency also increase. Hence, the surface erosion rate also rises. However, when the silicon particle concentration increases, the serious erosion regions are almost unchanged, and the development regularity of each local erosion region keeps unchanged.Figure 11Nephogram of local erosion of exhaust outlet pipe under different silicon particles concentration under the condition of *μ*~*0*~ = 9 m/s, *d*~*p*~ = 115 μm.

Conclusions {#Sec10}
===========

The exhaust system of the polysilicon reduction furnace consists of many kinds of gases and solid-phase particles. The gases are mainly SiHCl~3~, H~2~, and SiCl~4~, with a density of 3.668 kg/m^3^ and a viscosity of 1.18 × 10^−5^ Pa·s. The solid-phase particles are almost all amorphous silicon, with a density of 2.330 × 10^3^ kg/m^3^. The particle size ranges from 2.87 μm to 348.55 μm, with an average particle size of 114.19 μm. The shape of particles is mainly spherical, while large-size silicon particles present shapes like strips and polygons. The shape coefficient of silicon particles is between 0.7 and 0.9.The volume fraction of solid-phases in the reducing exhaust is lower than 1%, and its Reynolds number is greater than 4000. Hence, the reducing exhaust belongs to dilute and turbulent flow. Among the 14 regions, Nos. 1--8 regions are the high-angle direct collision regions, among which, regions in the front of stand pipe inlet experience serious erosion; the Nos. 9--14 regions are caused by low-angle and high-speed erosion, with high-frequency collision regions formed in the upside region of the outlet in loop pipe. Thus, serious erosion is induced. The erosion of the main pipe is more serious than that of the loop pipe. The ultimate value of wall surface erosion rate in the upside of the main pipe is the largest among all the regions studied.Working condition parameters have significant influences on the erosion behavior. When the other parameters are unchanged, the increase of the single parameter will increase the local wear rate of the pipeline. With the increase of exhaust velocity, both the quality and speed of silicon particles flowing through the pipe increase. More silicon particles collide the wall surface of the pipe with higher velocity, and the erosion further worsens. The erosion to materials aggravates, but the distribution and development regularity of serious erosion regions change little. The increase of silicon particle size leads to the increase of kinetic energy. While colliding the wall surface, more energy conversion takes place, and the erosion to materials also increases. The increase of particle concentration in exhaust flow improves the number of particles flowing through the pipe. With the number of particles involved in erosion and increased collision, the collision frequency and erosion rate are also increased.
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